Glycosaminoglycan Chemical Exchange Saturation Transfer (gagCEST) is an important molecular MRI methodology developed to assess changes in cartilage GAG concentrations. The correction for B 0 field inhomogeneity is technically crucial in gagCEST imaging. This study evaluates the accuracy of the B 0 estimation determined by the dual gradient echo method and the effect on gagCEST measurements. The results were compared with those from the commonly used z-spectrum method. Eleven knee patients and three healthy volunteers were scanned. Dual gradient echo B 0 maps with different ΔTE values (1, 2, 4, 8, and 10 ms) were acquired. The asymmetry of the magnetization transfer ratio at 1 ppm offset referred to the bulk water frequency, MTR asym (1 ppm), was used to quantify cartilage GAG levels. The B 0 shifts for all knee patients using the z-spectrum and dual gradient echo methods are strongly correlated for all ΔTE values used (r = 0.997 to 0.786, corresponding to ΔTE = 10 to 1 ms). The corrected MTR asym (1 ppm) values using the z-spectrum method (1.34% ± 0.74%) highly agree only with those using the dual gradient echo methods with ΔTE = 10 ms (1.72% ± 0.80%; r = 0.924) and 8 ms (1.50% ± 0.82%; r = 0.712). The dual gradient echo method with longer ΔTE values (more than 8 ms) has an excellent correlation with the z-spectrum method for gagCEST imaging at 3 T.
Introduction
Osteoarthritis (OA) is one of the leading causes of chronic disability and characterized by the gradual breakdown and eventual loss of joint cartilage [1] [2] [3] . This disease is a significant public health problem. Using prevalence estimates, the National Arthritis Data Workgroup reported that OA affects nearly 27 million Americans or 12.1% of the adult population in 2005 [4, 5] . While there are no recent estimates of medical costs for OA, 2003 US medical expenditures attributable to arthritis and other rheumatic conditions aggregated $81 billion, of which OA is likely to account for a large proportion [6] .
X-ray can visualize OA changes of the bone, but it has limited ability to assess soft-tissue involvement. CT is better at providing assessment of soft-tissue and osseous changes, but is not very sensitive for evaluating the extent and severity of OA [7] . Magnetic resonance imaging (MRI) has been advancing over the past two decades with the development of cartilage-specific sequences and is unique for assessing meniscal and ligamentous disease related to OA, providing clinicians with more information regarding the health and status of the cartilage in situ [8] [9] [10] [11] . In addition to the commonly used morphological sequences, such as proton density-, T 1 -and T 2 -weighted, multiple advanced MRI imaging methods, including T 1ρ [12, 13] and 23 Na MRI [14, 15] , have been developed to quantify regional variations in cartilage within its micro-architecture. Chemical exchange saturation transfer (CEST) MRI has been developed as a molecular MRI methodology which detects endogenous macromolecules indirectly through chemical exchange and cross-relaxation with bulk water protons [16] [17] [18] [19] [20] [21] . The extent of contrast depends on the concentration of available macromolecules. gagCEST-MRI appears to be capable of assessing glycosaminoglycans (GAGs) to detect early articular cartilage degeneration and glycosaminoglycan concentration changes in the intervertebral disc [22] [23] [24] [25] [26] . OA was reported to be associated with a Magnetic Resonance Imaging 32 (2014) [41] [42] [43] [44] [45] [46] [47] Abbreviations: OA, osteoarthritis; MRI, magnetic resonance imaging; CEST, chemical exchange saturation transfer; gagCEST, glycosaminoglycan chemical exchange saturation transfer; APT, amide proton transfer; GAG, glycosaminoglycan; SNR, signal to noise ratio; IRB, Institutional Review Board; TSE, turbo spin echo; FOV, field of view; NSA, number of signal average; SENSE, sensitivity encoding; ROI, region of interest.
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Magnetic Resonance Imaging j o u r n a l h o m e p a g e : w w w . m r i j o u r n a l . c o m decrease in GAG concentration before the observable joint space thinning or morphological changes in the cartilage matrix (Outerbridge grade II or more) [27, 28] . Thus, gagCEST-MRI can be performed as a useful tool to identify the concentration change of the biochemical components in vivo and provide complementary information to the routine MR imaging contrasts. The gagCEST-MRI technique is based on the asymmetry in the zspectrum between the 1 ppm offset (referenced to the bulk water frequency) where GAG hydroxyl protons resonate and the reference site at − 1 ppm. Although the magnetic field inhomogeneity is a common problem for CEST imaging [29, 30] , the 1 ppm site where the gagCEST effect appears is much closer to the water resonance (0 ppm) than other targeted frequencies, such as 3.5 ppm where the amide proton transfer (APT) is assessed [31] [32] [33] [34] [35] [36] [37] . The small chemical shift difference makes it harder to distinguish the CEST effect from direct water saturation. The frequency shift even as small as 0.1 ppm in the z-spectrum is able to cause a dramatic change in the quantification of the GAG concentration. A B 0 correction is always necessary in the image post-processing stage. The conventional approach for this is to acquire saturation images over a range of frequency offsets with a fine frequency interval [29, 30] . Then, the whole z-spectrum is assessed by the high order polynomial fit and the B 0 map is obtained by looking for the lowest signal intensity in the spectrum (z-spectrum method). However, this scan requires a fairly long scan time (2-3 min) for a single slice due to the necessary sweep of the RF saturation frequency offsets. On the other hand, it is well known that a B 0 map can be acquired with the gradient echo method [38] . This scan requires much shorter time (usually less than 40 s) and is easy to be implemented on clinical scanners. The gradient echo method has been used in CEST imaging by several researchers [39] [40] [41] . Zhao et al. have compared the gradient echo field-mapping method and the z-spectrum based water saturation shift referencing method in APT imaging of human brain tumor at 3 T, showing the comparable MTR asymmetry results [40] . Dula et al. evaluated the high order polynomial fit and gradient echo B 0 mapping approaches in CEST imaging of brain at 7 T [41] . However, no previous study has been performed to quantitatively evaluate the performance of the gradient echo B 0 mapping methods with different echo times (TEs) and their effects on the gagCEST imaging. The purpose of this study is to examine and improve B 0 field inhomogeneity corrections in knee gagCEST imaging using the dual gradient echo B 0 mapping method. The widely used z-spectrum method was used as a standard reference in the study.
Methods

Study design and population
Eleven clinical patients (age, 36 ± 9 years) were referred for 3 T MR imaging of the knee from July to September 2010. The reason to include clinical patients is to vary the endogenous local environment around the cartilage area among each individual case which helps broaden the observed local B 0 field homogeneity range. Three healthy volunteers (age, 25 ± 3 years) without known knee problems were also enrolled in this study. Bilateral knees were scanned for the volunteers and the single diseased knee was scanned for each patient. All volunteers and patients agreed prior to the imaging to participate in this research study. All examinations were performed in accordance with the approval of the Institutional Review Board (IRB).
MR Imaging protocol
gagCEST-MRI was performed on a 3 T whole body MRI system (Achieva, Philips Healthcare, Cleveland, OH) using an 8-channel phased array knee coil. Patients' ankles were wrapped in concave foam and their knees in pads within the coil in order to stabilize the whole leg. For gagCEST imaging, prior to the regular image readout, a series of RF saturation pulses was applied to saturate the magnetization of protons at different RF irradiation frequencies. The scan comprised of two sets of eight block pulses, with a single pulse duration of 29 ms. A delay of 35 ms was made between the first set of eight block pulses and the second to overcome hardware limitations. The total pre-saturation pulse duration was 464 ms. The average pre-pulse saturation power (B 1sat ) was around 1.4 μT. For the image acquisition, an axial single-slice multi-shot turbo spin echo (TSE) sequence with fat suppression was employed to achieve high resolution proton density weighted images (FOV = 160 × 160 mm 2 , matrix size = 256 × 256, slice thickness = 4 mm, TR/TE = 1000/7 ms, TSE factor = 12, NSA = 2, SENSE factor = 2). Higher-order shimming was applied. The slice that covered the largest patellofemoral cartilage area was chosen. To comply with the z-spectrum method, the entire z-spectrum was acquired with 33 offsets referenced to the bulk water resonance in intervals of 0.25 ppm from 4 to − 4 ppm. One image without saturation pre-pulse was acquired for the signal normalization. Five additional dual gradient echo B 0 maps with ΔTE of 1 ms, 2 ms, 4 ms, 8 ms and 10 ms were also acquired in order to perform the B 0 frequency correction. Five ΔTEs were tested because, theoretically, the B 0 value can be better fitted with a longer evolution time between the two echoes. Gradual increase in ΔTE was tested to see if it helps improve gagCEST evaluation accuracy. The B 0 map acquisition time varied with individual ΔTE values, from 15 s (ΔTE = 1 ms) to 38 s (ΔTE = 10 ms) due to TR value variation, which leads to a total acquisition time of 6 min 42 s.
Image post-processing
Both region of interest (ROI) and pixel based analyses were performed within the patellofemoral cartilage region. All the image analysis was finished using in-house developed software based on the Interactive Data Language (IDL, Exelis Visual Information Solutions, Boulder, CO) environment. Signals acquired with saturation pulses (S sat ) were divided by the one obtained without saturation (S 0 ) for normalization. The normalized values accounting for 33 frequency offsets were fitted to a 12th order polynomial curve using least-squares minimization. Based on generated coefficients, the z-spectrum was created by interpolating the curve into 16001 offsets with an offset resolution of 0.001 ppm for ROI analysis and 1601 offsets with an offset resolution of 0.01 ppm for pixel analysis. B 0 corrections were performed using two types of methodologies including the z-spectrum method: assuming the actual water frequency (0 ppm) to be at the frequency with the lowest signal intensity; and the dual gradient echo method: correcting the shift of the actual water frequency with each of the five B 0 maps. The z-spectrum curves corrected by both methods were compared. A B 0 frequency shift map in the cartilage area was calculated based on the minimum signal intensity of the z-spectrum. It was compared with the five dual gradient echo B 0 maps.
To quantitatively assess the GAG concentration, a magnetization transfer ratio asymmetry (MTR asym ) at 1 ppm offset referred to bulk water frequency was defined:
where S sat and S 0 are the signals measured with and without the saturation pre-pulse, respectively.
Statistical analysis
Two kinds of data sets were analyzed: B 0 shift values and MTR asym (1 ppm). Each data set was calculated with the z-spectrum method and the dual gradient echo methods with different ΔTEs. The Pearson coefficient was calculated to evaluate the correlation between the two types of methods. Using a correlation coefficient, the relationships between the two methods were categorized as low (r b0.5), moderate (0.5 b r b 0.7), and strong (r N 0.7). All data were analyzed using Microsoft Excel 2010.
Results
Healthy volunteer studies
The average B 0 shifts in the patellofemoral compartments (n = 6) from all volunteers are: 0.18 ± 0.09 ppm using the z-spectrum method; 0.18 ± 0.09 ppm using the dual gradient echo method (ΔTE = 10 ms); 0.19 ± 0.10 (ΔTE = 8 ms); 0.18 ± 0.10 (ΔTE = 4 ms); 0.17 ± 0.10 (ΔTE = 2 ms); and 0.18 ± 0.09 (ΔTE = 1 ms). The average MTR asym (1 ppm) values using the z-spectrum method were measured to be 2.10% ± 0.33%; using the dual gradient echo method to be 2.05% ± 0.56% (ΔTE = 10 ms); 1.58% ± 1.02% (ΔTE = 8 ms); 2.24% ± 1.62% (ΔTE = 4 ms); 2.58% ± 1.89% (ΔTE = 2 ms); and 2.08% ± 1.44% (ΔTE = 1 ms). Table 1 lists disease characteristics associated with each patient's patellofemoral cartilage. Ten patients were diagnosed with OA in the patellofemoral compartments, having symptoms including fibrillation, cartilage defects ranging from thin to full thickness loss. One patient had no patellofemoral cartilage related changes.
Patient studies
In all patients, B 0 frequency shift values obtained from the z-spectrum method and dual gradient echo method ranged from −0.05 to 0.30 ppm and appear free of phase wrapping. Fig. 2 is an example of a color coded B 0 shift map. The dual gradient echo B 0 map with ΔTE = 10 ms shows the most similar pattern in trend and magnitude as the one generated from the z-spectrum method. It appears that there is a larger B 0 shift value (around 0.1 ppm) in the synovial fluid area between patellar and trochlear cartilage layers. This effect appears greater with the z-spectrum method. Compared to the B 0 map with ΔTE = 10 ms, the B 0 map from the z-spectrum method shows more B 0 fluctuations at the lateral side and some odd spots (−0.1 to −0.2 ppm) at the medial side of the cartilage areas. The B 0 map (ΔTE = 10 ms) appears smoother in the cartilage areas and the transition zone is less profound from synovial fluid to cartilages.
The average B 0 shifts in the patellofemoral compartments are: 0.14 ± 0.08 ppm using the z-spectrum method; 0.14 ± 0.08 ppm using the dual gradient echo method (ΔTE = 10 ms); 0.14 ± 0.08 (ΔTE = 8 ms); 0.14 ± 0.09 (ΔTE = 4 ms); 0.13 ± 0.09 (ΔTE = 2 ms); and 0.14 ± 0.10 (ΔTE = 1 ms). The ROI analysis shows that all five B 0 maps are strongly correlated with the B 0 map from the z-spectrum method (r = 0.997 for ΔTE = 10 ms; r = 0.991 for ΔTE = 8 ms; r = 0.961 for ΔTE = 4 ms; r = 0.974 for ΔTE = 2 ms; r = 0.786 for ΔTE = 1 ms). Fig. 3a plots a strong correlation (r = 0.997) between the z-spectrum B 0 map and the dual gradient echo B 0 map with ΔTE = 10 ms as an example.
The differences of the dual gradient echo based frequency shifts compared to the z-spectrum based frequency shifts were calculated for each subject. The average differences are: − 0.005 ± 0.006 ppm (ΔTE = 10 ms); − 0.002 ± 0.011 ppm (ΔTE = 8 ms); 0.000 ± 0.023 ppm (ΔTE = 4 ms); − 0.008 ± 0.024 ppm (ΔTE = 2 ms); and − 0.001 ± 0.064 ppm (ΔTE = 1 ms). Although these average differences did not present an apparent discrepancy, the standard deviations increase gradually from the longer ΔTEs to the shorter ΔTEs. Fig. 3b shows the difference of B 0 maps determined by the dual gradient echo methods (ΔTE = 1 ms, solid line; ΔTE = 4 ms, dashed line; ΔTE = 10 ms, dotted line), compared to the ones obtained by the z-spectrum method. The frequency differences of the dual gradient echo based B 0 map with ΔTE = 1 ms and the z-spectrum based B 0 map have a larger variation among those cases. Fig. 4 illustrates the MTR asym curves in the patellofemoral compartment with the two methods. The MTR asym curves and (1 ppm) values corrected with the z-spectrum method are consistent with those corrected with the high ΔTE (8 and 10 ms) dual gradient echo methods, around 1.5% in the patellar region and around 1.5%-2.0% in the femoral region. However, the MTR asym curves corrected by the low ΔTE B 0 maps (1-4 ms) are much further apart from the z-spectrum corrected curve and show abnormally larger MTR asym (1 ppm) values (4%-5%), which may erroneously be interpreted as high GAG content. 4.5% ± 3.0%) in the pathological cartilage. On the contrary, the MTR asym (1 ppm) maps corrected by the z-spectrum (a) and high ΔTE dual gradient echo B 0 maps (e-f) all show low signal characteristics (a: 0.7% ± 1.9%, e: 1.1% ± 2.0%, f: 1.1% ± 1.8%), which correspond to the GAG loss in the fibrillation stage of the whole arthritis process. When the higher ΔTE dual gradient echo method was used, the gagCEST maps showed smoother transition pattern between medial and lateral compartments.
The average MTR asym (1 ppm) value using the z-spectrum method for all patients was measured to be 1.34% ± 0.74% in the patellofemoral region. It is relatively lower compared to the MTR asym (1 ppm) of healthy volunteers (1.93% ± 0.74%). The average MTR asym (1 ppm) values obtained using the dual gradient echo method are 1.72% ± 0.80% (ΔTE = 10 ms), 1.50% ± 0.82% (ΔTE = 8 ms), 1.20% ± 1.93% (ΔTE = 4 ms), 1.95% ± 1.88% (ΔTE = 2 ms), 1.71% ± 4.92% (ΔTE = 1 ms). The z-spectrum method reveals a strong correlation with the dual gradient echo methods using ΔTE = 10 ms (r = 0.924; Fig. 6a ) and 8 ms (r = 0.712), but a low correlation with the dual gradient echo methods using ΔTE = 4 ms (r = 0.254), 2 ms (r = 0.047) and 1 ms (r = 0.376). Using the dual gradient echo method with ΔTE = 10 ms, the MTR asym (1 ppm) values range from 0.05% to 2.70% (Fig. 6b) , which correspond to different GAG concentrations in the patients. The tenth patient with no observed patellofemoral cartilage related changes shows the highest MTR asym value and the patients with diseased patellofemoral compartments have various lower values.
Discussion
The GAG concentration in cartilage plays an important role in diagnosing early stages of OA and tracking the OA progression. The clinical assessment of cartilage is generally based on the local signal changes caused by synovial fluid leaking into fissures, and morphological changes. This assessment tends to neglect cartilage alterations at the molecular level. The current GAG imaging gold standarddGEMRIC requires contrast agent injection and patient exercise to help the contrast agent diffuse into articular cartilage [42] [43] [44] , which results in a significantly longer procedure time (2-3 h). Since patients need to be repositioned, it may require image co-registration at post-processing. These limit its clinical applicability and dGEMRIC may not be feasible on patients with renal impairment. gagCEST imaging has been shown to be able to provide information on the molecular composition of cartilage and to identify the early OA change characteristics, such as the loss of GAG content, which is complementary to current MR morphological imaging. Compared to dGEMRIC, gagCEST has many advantages, such as shorter procedure time, no need for contrast agent injection, and no waiting period with patient exercise.
However, gagCEST is highly sensitive to magnetic field inhomogeneities. In this study, the B 0 field inhomogeneity corrections using the dual gradient echo and z-spectrum methods were compared in both healthy volunteers and patients with knee injuries. Our results demonstrated that the dual gradient echo methods with relative longer ΔTEs have a better correlation with the z-spectrum method in both the B 0 shift determination and GAG concentration assessment. The longer ΔTE provides a better fit of the phase change within the time interval. The data has shown that B 0 shifts of at most 0.30 ppm from the central frequency were observed in the cartilage region. Even within the longest 10 ms ΔTE, the 0.30 ppm frequency shift causes the phase accumulation of 2.41 radians, which is still less than the range of a single π, so the phase wrapping issue could be excluded from the post-processing consideration. Because the phase is restricted to [−π, +π], ΔTE is suggested to be kept within 13 ms in order to prevent the phase wrap. The B 0 shift detections with low ΔTEs showed substantial variation compared to the z-spectrum method (Fig. 2) . Our data showed that using a longer ΔTE, the dual gradient echo B 0 mapping correction could also detect gagCEST effects at 3 T in vivo in articular cartilage and it had a similar accuracy in finding out the absolute water frequency as in the conventional method [29, 30] .
The gagCEST imaging protocol, particularly the RF saturation duration and saturation power, should be further optimized in the future. We are currently evaluating a highly sensitive, parallel transmission-based CEST-MRI method [19] . Extension to a higher field is still desirable for the gagCEST imaging. Anup et al. have recently reported the better performance of gagCEST imaging at 7 T due to less direct saturation effects [22] . However, we should keep in mind that 7 T imaging is currently not available for clinical diagnosis.
The gagCEST approach in the articular cartilage has a small range of B 0 shifts (usually less than 0.3 ppm). Thus, the results from gagCEST studies may not directly be applied to other CEST experiments. Cartilage is a solid-like tissue that originally has a homogeneous composition which helps to maintain B 0 field homogeneity. Early OA does not induce much structural alteration; thus, large central frequency changes are not expected. With small frequency shifts, the phase wrapping should not be an issue. Therefore, the dual gradient echo B 0 field maps can be obtained more accurately, which enable the detection of frequency shifts in CEST experiments.
One limitation of this study is the relatively small number of subjects. Although the patients showed various levels of GAG concentration, more subjects should be scanned in the future to acquire a robust statistical sample size. Another consideration is implants such as metal screws from surgery as used in ACL reconstruction, which can affect the performance of the shimming box especially at the femoral lateral condyle area even it is away from the cartilage. Comparison with radiological grading like Kellgren-Lawrence system is also desirable. Further, the reason that gagCEST is not a clinical option so far is that it lacks sufficient in vivo validation. True or relative GAG concentration values need to be defined with other methods as references. Thus, the dGEMRIC method, which serves as the gold standard method in GAG assessment, should also be performed along with gagCEST to validate GAG concentration findings.
In conclusion, our data indicate that the B 0 shift values and MTR asym (1 ppm) values calculated from the commonly used zspectrum method highly agree with those calculated from the dual gradient echo methods with longer ΔTE values (N 8 ms). The longer ΔTE dual gradient echo B 0 mapping method is feasible and can be used as an alternative to correct for the artifacts induced by the B 0 inhomogeneity in gagCEST imaging.
